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1. Statement of Problem 4

The contract aslled for a theoretical analysis of charge

S toage and charge transfer in WWI nwmy structures, and

for ceriments supplenentm this analysis. Included in the

study were predictions of charge retention, and charging ex-

perliments using constant current, rather than the customary

constant voltage pulses.

2. Sumary of Results

Just prior to the start of the project, we computed' tran-

sient charge distributions in the nitride based on a model

which assumes:

(i) charge flow of carriers of one polarity only, entering

through the oxide;

(ii) charge storage in traps of a single trap depth and

uniformly distributed through the nitride.

(iii) constant current pulses and therefore constant field

at the oxide/nitride interface (i.e. neglecting inter-

face charging).

Z;i
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As part of the contract the saemodel was applied to

explain exei~naLdata an the high temperature charge

retention in the nitride2 . The experimental results sho

that the decrease in the threshold voltage window is Ini-

tially tof tezerature, and is proportional

- to the logarithm of time; both features are explained

by back tunneling through the oxide3. Hovwer, at ele-

vated temer~tures the decay of threshold voltage beccne

more rapid after an incubation period which decreases with

increasing temperature. This accelerated decay was explained

by our model considering detrapping from traps within the

- - nitride and drift of released carriers toward the oxide

interface. Theory umtched to the experiments indicates a

reasonable Freakel-Poole coefficient of 5.2 x i0-cf'ln/ 2.

V"1 2 6V, and a trap depth of 1.5eV. Obviously, detrapping

from these rather deep traps could not occur at room tem-

perature.
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Experiments on the retention loss at moderately elevated

temperatures ( 154-205°C ) could not be matched by our model.

Rather than iirWkng ad boc additional mecaisms, we decided

to extend the experimental data base so as to arrive at a

better general understanding of the charge transport process

in NtS structures.

A survey of literature indicated to us that:

(a) available experimental data are almost generally

inadequate, and

(b) theoretical analysis (including our own 4) is either

based on oversimplified models, or else includes so many

different parameters 5 (carriers of both polarities; multitrap

levels, etc,) which are clearly beyond resolution by existing

experimental data.

-. The reason for the poor experimental data base is the in-

trinsic conplexity of the subject, e.g.:

(a) it is characteristic of a memory device, and in

particular the MNOS memory device, that the same initial

state cannot be reestablished easily in a sequence of ex-

periments.

i==Mimi
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(b) Charge transport in the MW Structure occurs by

tunneling through the oxide barrier, and by Frenmel-Poole

transport through the nitride. These two mechanisms occur

simultaneously, so that it is difficult to separate them.

(c) Both mechanissm depend strongly oan the electric field.

Because space charges in the nitride are the basis of the KCS

memory mechanism, there is necessarily an in field

distribution; e.g., the steady state field in the oxide is not

precisely known when a D.C. gate voltage is applied.

(d) It is difficult to distinguish the charging which occurs

by carriers of one polarity entering from the silicon and the

charging which occurs by carriers of the other polarity entering

fron the gate.

Great progress in the experimental analysis of charge dis-

tribution in the nitride was made by measuring charge injected by

pulses of increasing duration, each pulse being applied at the

bias voltage which provides flat band (Yun method6 ). The cen-

troid of the charge stored in the nitride can then be derived

under certain conditions from change of flat baud voltage and

Em A2" ____ ______
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of charge passed through the external circuit. However, the Yun

method6 requires that the sample must be restored to its initial

state between pulses; the reverse polarity pulsing used to achieve

this restoration may introduce carriers of the opposite polarity.

Moreover, such a procedure is extremely time consuming; a single

charging run over the entire range of voltage durations takes

hours. Finally, the electric field in the oxide is lnown only at

the onset of the pulse; this field decreases during the pulse in

an experimentally undetermined manner.

Our principle achievement under this contract has been to

devise and develop a new measurement technique7 which eliminates

all the aforementioned difficulties of the Yun method.

This is accomplished by charging the nitride using a se-

quence of identical pulses (hence "staircase charging"), thereby

removing the time-consuming restoration of the initial state,

and the potential complexities due to the introduction of charge

of opposity polarity by reverse pulsing. Since we apply short

(microsecond range) and comparatively low voltage pulses, the

charge increment per pulse is kept small and oxide field and

rr
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and current remain nearly constant during a pulse. The oxide

field is known fron the applied bias voltage and from the

oxide and nitride capacitances. Deep depletion, which would

cause a significant potential drop, is prevented by the

rapid build-up of inversion charge due to a pulsed laser

beam impinging on the sample at the onset of the gate

voltage pulse [Fig.I]. Using the computer controls in the

feedback loop between the circuit sensing the *NS capacitance,

and the circuit adjusting the gate bias voltage to flat band,

we reduce the time interval between pulses, and therefore

back-tunneling. The total time for generating the experimental

data for a complete charge vs.;.centroid relationship is thus

reduced to minutes. The data -is stored in the PIP 11 computer

used for the aforementioned feedback control, and is processed

by the computer to provide desired relations such as will be

discussed shortly on hand of Figure 2.

Since the tennination of the contract, an IBM computer

#5110 became available from another project, and it is now

being installed as a controller for the PDP 11 which will become

j" .
4°,. *
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a slave computer to run the experiment in a unner dictated

by the IBM 5110. The IBM computer will store the data on tape,

analyze it and display it graphically on an HP 9872A digital

plotter.

Figure 2 shows a typical graph produced by our staircase

method. The raw data are the step-wise increase in flat band

voltage and in the charge passed through the oxide. The two

properties derived from these data are the charging current

(=charge increment divided by pulse duration), and the charging

efficiency (=nitride capacitance times change in flat band

voltage divided by charge increnent). The centroid position

divided by the nitride thickness equals one minus the charg-

ing efficiency. However, as in the Yun method, this provides

the true centroid only under certain conditions (e.g. no

chaige crossing the nitride/gate boundary) which may not
always be satisfied. As a matter of fact we attribute the

decrease of charging current before the minimu (seen in

Figure 2) to a reduction of charge injection through the

oxide, and the increase of charging current after passing

through that minimum to the injection of opposite charge

from the gate 9 . The delayed injection from the gate is
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due to the build-up of the gate field with increasing flat-

band voltage.

Using the staircase charging method we have measured the

steady state current as function of temperature and known

oxide field (see Appendix). Such extensive data has never been

produced before and their interpretation modifies the current

model for charge injection in the trap-assisted tunnel regime:

Injection of carriers from the silicon through the oxide into

the nitride is not governed by the transition probability

through the barrier10 but rather by the availability of empty

traps at or near the oxide nitride interface into which tunneling

can take place.

Our staircase charging method and the elaborate equipment

we assembled for its execution is unique, and the potential

value of this tool is well recognized in the industry. This is

evident fran the fact that several manufacturers (Rockwell In-

ternational, McDonnell Douglas and Westinghouse) have supplied

us with samples for analysis by the staircase charging method.

Moreover, we have obtained a short term work order fran Sandia

Corporation for the measurement of charge injection and steady-

state current of MNOS capacitors by the staircase charging

method."A
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Sandia will supply appropriate types and number of devices.

In summary, we have provided a new tool for the experi-

mental investigation of WW memory capacitors. Application

of this tool to the steady state current through the dual

dielectric as function of oxide field and temperature has

already lead us to modify the existing model for carging

through the oxide. It is anticipated that large scale application

of our method to a wide range of samples supplied by a variety of

sources will generate an extensive data base from which a still

more complete understanding for charge transport in NNES struc-

tures can be derived. We are particularly eager to study the

endurance phenomenon which was initially planned for this con-

tract but which had to be postponed for lack of an appropriate

experimental tool. The staircase charging method developed under

this contract has now provided us with a powerful tool for this.

study.
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The steady state current throuigh the double dielectric of

3(38 capacitors on p-silicon substrate was masured as func-

tion of temperature for several fixed fields in the silicon

oxide of a polarity promoting bole flow from the silicon. It

is shown that the availability of emty recipient trap states

for holes tunneling from the silicon into the nitride controls

the current. The occupancy of these trap states is governed

by Frenkel-Poole detrapping at elevated teq-eratures and by

Fowler-Nordhelrn tunnel emission fraut the traps at low teaper-

ature. Transient charging sspotti nepe

tation.

PACS Nmbers: 73.40.Qv, 73.60.Hy, 85.30.Tv, 72.20.Jv

*Supported by the Army Rearch office, GrntaAG2-79-C-009
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The steady state current thrugh the dual dielectric of

WM1) devices comprises charge transport through the oxide,

generally ascribed to a tunaeling mchanism, followd by

charge transport through the nitride, believed to be governed

by some detrapping mechanism. The key measuremnt parameter

for the oide tnel current is the oxide field. Measrents

at constant gate voltage provide an aproximate average ni-

tride field but leave the oxide field ill-defined due to the

unknoon space charge distribution in the nitride. In this

letter we give 1,w rImental results for the teawerature de-

pendence of the steady state 111)8 current at constant oxide

fields and discs the implications of these data for 111)8

device modeling.

The sowples investigated by us were obtained by coir-

tesy of R. Cicchi from the Westinghouse Corp. and had a
Z" -3 2p-type silicon substrate, an Al gate of area A-"3 x 10 cm

4 oxide and nitride thicknesses of d--221 and %u 400R, re-

specti'vely. Application of -negative gate voltage pulses re-

suited in a negative shift of the f lat-band voltage which

indicates that bole injection--from-the silicon dominates

over electron injection f ron the gate.
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Fixed voltage pulses V of short duration t. in the

micro o to millisemd range applied at flat band bias

voltage generate the oxide field where CCV and CN are the

V COXNEox -c . (1)
ox o+

oxide and nitride capacitances and is the permitivity

of the oxide. First a large nimber of pulses was applied using

our staircase charging technique1 ,2 until a quasi-stationary

state of the flat band voltage was reached. During this time

period the integrating capacitor in the circuit was shunted

by a resistor in order to prevent saturation of the charge

mplifier. The shunt resistor was then removed using a relay,

and the flat-band coltage VFB and the integrated charge (M

passing fran the silicon into the oxide were registered after

each pulse. Between pulses the gate bias voltage was readjusted

to flat-band by the digitized feedback circuit described

Sk 2
elsewhere 2 . The steady state current density JST is then

QU /tpA.

ExperimentaJ, Results.

Figure 1 shows the steady state current density plotted

A k'' : " : ' . . ,, ' '

4 ' . . . ..-. . . .. - . ... '' , ,
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aginst reciprocal absolute temperature for several constant

oxide fields coresponding to the pulse voltages indicated in

the figure. The current is found to be independent of temer-

ature at low temperatures ( < -10°C ) and thenmally activated

at elevated temperatures. Tbe points indecated by crosses and

fitted by the dashed lines are obtained by subtracting from

the observed current density JST the tezperature independet

current J2 (dotted levels at low ten~eratures). The activated

energy is displayed in Figure 2 in a Frenkel-Poole type plot,

3((JST)J2)

akTr/q)

fron which ¢T 0.34V and 0- 1.5 x lO-4=n :

The nitride field at the nitride/oxide boundary, EN - E M/ i ,

used in this plot disregards the interface charge.

The dashed lines in Fig. 1 extrapolated to T -> provide
AW

A= 2.94 x exp [-1.02 x 10'/E] wen A, is in A/an 2 and E in V/af

where A1 is the coefficient of the Frenkel-Poole relation

- A1 exp.((- .- )(O- 7)] (3)

The strong field-dependence of the pre-exponential factor A1

.. .. .++ • , , .+. +,. ,+i ' . "
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invalidates detezination of 0 from aof steady

state current vs. field at a fixed temperature by using B "

(ia/q) aUn '&r/ al- .

The temperature - e t current levels J2 are

fitted by the Fowler - Nordhelm relation3

J2 = A2 N exp (-B/E.) (4)

with B= 2.07 x 107 cm/V andA 2 = 6.18 x 10
- 7 AV -cm - 1

In another set of experiments the flat-band voltage was

first shifted toward its highest value by applying a large

positive gate voltage and the initial charge build-up in the

sample, by a sequence of negative gate pulses superimzosed

on flat-band, was then investigated. Figure 3 shows that the

initial charge build-up in the nitride as registered by the

charge amplifier in the MNOS circuit is well fitted by

; .. [ with P = 0 cm 2  and tT = 0.43ms. Preliminary measure-

ments at other temperatures and oxide fields show P and tT

to be independent of temperature, P to be independent of



and t T to decrease strongly with oxide field.

The most interesting aspect of our data is the ther-

mal activation of the current at elevated temperatures.

While same temperature-dependence of the tunnel current

may arise by tunneling of thermally activated carriers

from the silicon, as proposed by Svensson and Lundstrcn 4 ,

we believe that this effect is too small to account for our

observations. Rather than assuming tunneling into amost

empty traps4, we consider the occupancy of the traps into

which the boles tunnel as the rate determining factor. This

occupancy is determined by a dynamic equilibrium between the

tunneling into the empty traps and emission from the filled

traps. This emission occurs by the temperature dependent

Frenkel-Poole mechanism at elevated temperatures, and trap

occupancy and thus the tunnel current through the oxide then

also becomes temperature-dependent.

We shall now describe a simple model which accounts for

our experimental data. By lumping all bole traps which act as

recipients for the oxide tunnel current into the Si0 2/SiN 4

i

£ . , . -
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interface, we have

f tT tD(6

where P is the total number of bole traps per unit area, p

is the number of occupied hole traps per unit area, tT is the

time constant for a bole tunneling from the silicon into an

empty hole trap and tD is the time constant for a bole leaving

an occupied bole trap to enter the nitride valence band. The

time constant tT is the reciprocal of the product of the

arrival rate of boles at the oxide barrier, the probability

to tunnel through it, and the capture cross section of an empty

trap for a hole having tunneled through the barrier. The

steady state current density is

= qp/tD~ = qP/(tD + tT) (7)

Since we expect tT to be fairly independent of temperature,

we conclude fran the observed temperature dependence of

at elevated temperatures that tD >> tT  and that detrapping

occurs by Prenkel-Poole emission. Since tD increases with

I7 -, .:
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decreasing temperature while tr remins nearly constant,

the same inequality should be even better satisfied at lower

temperatures. The of t- peratulre of the steady

state current in the low teaueregime thus indicates

that Fowler - Nordheim type tunnel emission of holes from

the traps becomes dominant over Frenkel-Poole emission at

the lowr t qeaue. Indeed the corresponding theoretical

relations, equations (4) and (3) ,f it well the empirical

steady state current data. 'The initial charge build-up of

almst empty traps follows from Eqn. (6) for p << P and

gives Eqn. (5). The right uppermo~st experimental point

in Fig. 3 falls above Eqn. (5) because detrapping can no

mo~re be neglected. The detrapping time constant for the

data of Fig. 3istD = qP/JeT l10m.sec; which is large

vs. tr in agreement with our modiel. 'The additional field

Pq/EN 2.5 x 105 V/cm generated by the fully charged inter-

face traps is still quite smll vs. F(Z 6 N/ecZ which

justifies neglecting the interface charge in the Frenkel-

Poole plot of Fig. 2.

,111 - ,I "U I ,
1 1-IA



-8-

A more refined model which allav. for spatial distri-

bution for traps of a range of energy levels is now being

investigated. The trap depth #T must then be considered

an effective value which depends on temperature and field.

This has implications for the interpretation of the para-

meters and A, derived from the experimental data. A vol-

ume trap distribution near the oxide-nitride interface has

been invoked for the interpretation of charge retention

data s .

In conclusion, the tenperature dependence of the

steady state current through the oxide at elevated

temperatures suggests that the tunneling of boles through the

oxide is - controlled by the availability of empty reci-

pient states at, or close to the oxide-nitride interface. The

degree of occupation of these interface bole traps is gov-
"..

erned by a dynamic equilibrium between boles tunneling into

these states from the silicon, and holes leaving the traps

by a detrapping mechanism, which is of the Fowler - Nord-

helm type at low temperatures, and of the Frenkel-Poole type

at elevated tenepratures.

A,

I
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Fig. 1. TezVerature dependence of the steady state current

throuigh the dual dielectric of an MW~ capacitor

measured at constant oxide fields pertaining to the

puilse voltages indicated in Volts.

Fig. 2. A Frenkel-Poole plot of the activation energies

derived from the slopes of the dashed lines in

Fig. 1.

Fig. 3. Initial charge build-up in previously emptied in-

terface traps when charging at constant oxide field

corresponding to Vp 4W-8 at room temperature.
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Charge retention of MNOS devices limited by Frenkel-
Poole detrapping2)

K. LohoveC and A. Fedotowsky

Um"r ofSwem Calybeuis, L~a Aqehr. CuLjmii 0=7
(Ramid 26 Sepimhr 1977; accepted hr pWAbliao 20 December 1977)

A sm*k anay tal om Is deived hr chp remus tn MNO memy dew mmmmig thst
reta e. km lim e by Freadh.Poole rue fro moI=- la trps. This model sh th cherp

awa eum es teiy indepeedms o the initl chMp distlbudo. 9spermeat dat obtaised at
devated mpesta a confirm this mod ad piovid a trap depth of I.S eV. Felu.Pooke codficient of
ahowt6x 10- cm V''eV, and eaive esape attemp rew fato of 1.2x 106 ow'.

PACS umbn.s: 73.40.Qv, 73,0.Hy. I$.J0.Tv. O2.Z0Jv

Charge retention Loss in thin oxide ,OfOS memory charge tunneling through the oxide from traps Located
devices (IA 30 A) Is dominated In its early stages by at or near the oxide- nitride interface, ", and in latter

phases by Frenkel- Poole emission of charge trapped
,=__ __ _in the nitride and charge transport through the nitride. .

A'Supported IN tie .rmy Research office, Gr. nt DA.\G2.0-.T- In this paper we derive a simple analytic expression for
-"1.i:;, the decay of retained charge based on Frenkel- Poole
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eSm1an from monoenergetic traps. Following our L. .

procedure, an analytic expresslion can be derived for 7- 0
Sany other detrappng mechanism which depends solely
on the loca electric aded intensity. The effect of re-
trapping can be accounted for by modifying the effective - --
"Cape ttempt factor. PEP.. ,

IL Iu
After a henar puse, the trapped nitrde charge---. - --ndes, a chare of opite ~w~rty i the silcon and " :

t te gte el " rod ( Fg. ) Th s hr e is a ntsnnecessarily located at the silicon surface, as ha been
Indicated, and there can be a potential drop, not shown
Ram ftns of the charge distribution in the silicon " " --- ,..

and of the corresponding potential drop are discussed 10

later In this pper. The potential dis rbuto the Ms. 2. The bmeton ;29,( of Pta-) Me t t Eq. (5)
antride has a minimum at a distance x. from the for diferet vhies of AE,(O). in the rap atg*(01/2. 1,
oxide. 4.5 This minimum is located closer to the oxide INS nSlected In deriving Eq. (5) hav, been included in

than to the gate, i.e.,,x. < t, since the concentration Fig. 2.tainES94- hrt-.

of trapped charge decreases with increasing distance
from the oxide. 4' Consequently, the maximum nitride the field in the nitride at the nltride/oide interface,
field daring retention is located at the oxide interface. x =0.
Thus dftaappin occurs mostly ner the oxide inter- The second term on the right-hand side arises from
face and th detaed nitride chae shiuts parily the exchange of differentiation with respect to time,
toward the silicon. Therefore, the time dependence of an of i tegrion with respect to position, when pro-
the initial Frenkel-Poole-type detrapping in the region ceeding from Eq. (1) to Eq. (3). For a constant poten-
04 x 4x. provides a lower limit for charge retention. tia applied between gate and silicon, the charge shift

The escape rate from traps will be assumed to obey qn,(x.) dx,,/dt can be related to the term on the left-
the Frekel-Poole law hand side of Eq. (3), and to factors which involve the

centroids of q Li" an,/Otdx an of the induced charge in
-- ,v exp(- * + (E)11s], (1) the silicon. The latter is e./C,, where C, is the low-

frequency silicon space-charge capacitance. It can be
where n,(x, d is the local trapped charge density and shown that the right-hand side of Eq. (3) can be replaced
E(x, t) is the local field, both functions of time. The by omitting the second term and multiplying the first
notation here is the same as that used n Refs. 4, 7, term on that side by a factor iq. This factor is signifi-
and 8. Trapped charge density and field are related by cantly less than unity only in the depletion regime with-

Poisson's law out inversion, and then only If %tC,,& 1. The overall
effect of this "ii dip" is always small, however, since

3- x. (2) at high dopant concentrations the dip is shallow, while
at low dopant concentrations the dip is narrow because

Thus the E,-feld range pertaining to depletion without in-

d f e f ee version becomes very small. We shall, therefore,
q'I ndx--ezp(-.)cI expW(£)/ldE neglect the last term of Eq. (3) in what follows.

0 Integration of the thus simplified Eq. (3), considering
+ d'(x) q dt (3) Eq. (4), provides

xexsp(E0)'ll, (5)
EO(l) aq AS~.) f'mdv (4)

where certain terms have been neglected for conven-
ience, assuming that 3[E,(t)]I" : >> 1. The function 'E0(t)
versus log(vt exp(- 6)I is shown in Fig. 2 for various

. 3,.1 values of sVE,(O) chosen to provide t0 a i'o exp(i -
x (E(0)]t/S} of 10-', 10"3, and NO sec, respectively.I K:-- - . -All curves merge into the same unique function

.Ef,£ )=.:[,ewp(- w)1 (6)

- _____/_,_for

to "  -Iexp(+- ) (7)

The field intensity E,(I) in the nitride at the boundary

FIG. 1. A typical charge v.W pntenttal distribution during re. of the oxide can be related to the threshold voltage by
tentton. The potential drop across the silicon space-charge the following considerations. The threibold voltage with
layer is nit shown, but is considered later In the tevt. nitride charge differs from that without nitride charge

33 A001. Piv Lolt.. Vol. 32, No. S. I Moc 1978 K. Lmwb ane A. I vsiky Y



t:5 100 msec suggests that retention loss is initially
governed by tunneling. The straight line in Fig. 2 is

- .the tunnel relation of Ref. 1. After about I sec de-
trapng appears to become the domnant factor for re-

Steition loss at the eeted temperatures. The reten-
tion period when initial uchre distribution has an effect
on the detraping rate is masked by tunnel escape. The
drop-off of the data points at 281 OC was fitted by Eq.

1 lvv(1i) with Pm~hT/qW5.2X 10' cm"'tV41 e1V, *- 1.5
eV, and vl. 2x 109 sec t determined as follows: A

L TW 7 94plot of nVr versus loglot of the experimental values wasNmatched to a plot of Into versus logit [vexp(- j)t ac-
a 4 a 1 0 a •cording to Eq. (11); the displacement along the ordinate
M NO'" is In (tir P) and the displacement along the x axis is

ME. 3. Expertoetal chage retention loes fitted by Eq. (11. logto(v exp(- i)1. The parameters v and 0 have been
separated by applying the same procedure to the data
at 244 "C and assuming that r is independent of temper-
ature. The 0 value pertaining to 244 "C was 6. 4x 10"

(so-called "intrinsic state") by cm1 I V1 / eV. The slight temperature dependence of
tt y 0 should be confirmed by additional experimental data

Vi(t)- Vr() M f "tv,-x)dx before attempting an interpretation. The A values are
about twice the accepted value for the Fre"re-Poole
coefficient. '-"I The comparatively small value of P,

ft x x ds may be indicative of a positive temperature coefficient=( i , udx- t Jnxdx
(" f ,of the trap depths, do/dT > 0, and of retraping. The

time t used in the theoretical expression (11) is the

+ (aR) t)dg Initial detrapping time, t,,- rt. On the other bad, the
(8) time of the experimental points is the time when trapped

electrons are removed from the nitride, . e., t,
The first of the last three terms is E(t) ts; the second = -, + 9. These times differ by the delay 9 due to
term is the potential drop between x = 0 and x.; and the retrapping.
third term is the potential drop between x, and t. In
a typical retention experiment a constant bias voltage Since, by curve fittin, 1,J , we have
VA Is applied between gate electrode and silicon sub- =(12)
strate. Since I + exp9 fdTJ(1+s

VA. Ve=Vol - eexdx where YO is the intrinsic escape attempt frequency,
o -(61fusually assumed to be of the order of the vibrational

lattice frequency. The delay time 9 Is expected to be a
( )!" i i,(N-X) dx, (9) weak function of time, and this implicit time dependence

should not affect Eq. (11) strongly.

where V,, is the potential across the space-charge layer The observed temperature dependence in the tern-
In the silicon and Vs Is the built-in potential between perature range 154-205 "C was less than that expected
gate and substrate, Eq. (8) can be transformed into by our theory, with 4 and v as derived from the data

V (t)- Vr(-)- E,(t)[t, + ES./E.] + VA +. - robtained at 244 and 281 'C. This discrepancy is attrib-
-uted to a second, more shallow, trap level which be-

(10) comes dominant (filled) at the lower temperatures and
which Is insignificant (empty) at the more elevatedThe built-in potential compensates closely the space- tmeaue.ufruaey q 3 rte o hcharge layer potential in case of a p-polysilicon gate temperatures. Unfortunately, Eq. (3) written for the

chare lyerpotntia Incas ofa p-olyllion ate case of multiple trap levels cannot be integrated to
and an i-type substrate if the nitride charge Inducesan inversion layer in the silicon. Under this condition, provide a concise form such as Eq. (5) for the reten-

one obtains from Eqs. (10) and (6) for retention at zero tion los arising from the detrappsin lf electrons

Sae to substrate bias voltage from a single trap level

tr(t)- Vr(be) 2 ts . Win(vt exp(- Z). (11) Our model provides a concise analytical expression
for the charge retention loss If all traps have the same

This equation is valid for I -' to. activation energy. During the latter periods of retention

Figure 3 shows experimental data supplied by Dr. M. loss, this expression becomes independent of the initial
eguwala of Rockwel International The nitride was charge distribution, and depends then only on trap depth,Frenkel-Poole coefficient, and an effective escape at-charged by applying positive voltage pulse to the gate tempt rate factor which takes into account retrapping.

of an MNOS capacitor on n-type silicon substrate at
various temperatures indicated in Fig. 3. The device We thank Dr. M. Beguwala and Dr. Ross Williams
was at its intrinsic threshold volta e prior to pulsing, of Rockwell International for supplying the expertmen-
The lack of a significant temperature dependence for tal data and for helpful discussions.
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MNOS Charge Versus Centroid Determination by
Staircase Charging

KURT LEHOVEC, FELLOW, igz, CHIH.HONG CHEN, A14D ANDRE FEDOTOWSKY
W.,

Abiss-The .bmp isu ceutroid u~~~pIs do- liessI by 1. INTRODUCTION
-. 5. c cbmt, is which a seqaue of lisdkmal pulse is R14EW AND~ Y!JNI [1 1, [2 have destermined the msemory

nawdeiIs retereed to flat-bani coadden Aftr "Ah pow., amd I
ftwsqst poles Is upritpse ow* t-advlae . Ajcharge versus centroad relatlosip for electron injection

spee1ngso the aeeuuulawd asmoy charg dkisrbution ruseltog fromn the silicon by using a sequence of large-voltage pulses of
hem the pecedig pa1mm.. S5s1mm- paseam of aecumuiled aspilve incrasing duration to charge the nitride of MNOS devices

dwp~ ~~ ad atdv vlesasaayeadeto lh rm [ .I&) The Yun method restore the sample to its initialbc-af and leaka. cumix we bleadfled. Compi of thse [i.lJsaebfr h etcagn us sapid
iiinjection current dsfing voltage -~ with She chiteadyttebfoeth ex hagngpaste plid
mierat Indicates that hole injection bern thepe does not conaas The memory charge is removed by applying pulses of opposite
dplheady sthO sasady-stt oxide tunnal canaL polarity and of appropriate magnitude and duration until the

flat-band voltage reaches a predetermined value believed to be
characteristic of the memory chag free state. Restoration of

Me nusript weived January 20. 19781; revised Apt! 3.,1978. This this flat-band voltage after each voltage pulse is time consum-
work was supported by the U.S. Army Research Office under Grant ing, since it must be achieved by trial and error. Moreover.
DAA629776-0l 2). The method described in this paper was fistpoaiyuknmyntoly u"netvecrgreported at the IEEE Nonvolatile Semiconductor %kemory Workshop. M"110oart uig a o ny eoengaiecag
Val. C.Aupust 23-25. 1977 .o C injected by preceding pulses, but also inject positive charge

The auh r e with the Departments of Electrical Enelneel aid into the nitride. Snecransproiin fpstv n
9a000a7. negative chag distributions give rise to a flat-band voltage

____ O1l-9383/781080.1030S00.7S 0 1978 IEEE
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chetqnq Owifes -UL -91M11

ibabolit OW~ui

Fird ile , stat

tiluod otoaqtablmilte

(a)(b) Fig. 3. Block ciit ialgram foir applying the voltage pulbes.
deviation ftom Blat band by caacance mmana, rem-aF~.1. Vltage peoies tot rg w ars centsold demtenaion. (a) mmple to Dat band by a feedback circuit, aid imaing theWYou Method [1I,1In wh~ch the --ple Is rened to Wlat notllow- podeed through the dcin-xide interface by a anent hiegrator.

lag e101Cacclrging puls applickado aUd then brought to the charge-
hee state by teveire polarity pulsig beor the next chaghg puke
of balmaed derasiom is 8111ed. (b) Stalace-chargln method, in IL Uusuitwrr TECHN IQuEwhb.h the smple is alto traned to flat banid, but the chag is al-
lowed to accumaulate stpWose by appliation of a trasin of identical The measuring circuit (Fig. 3) is essentially that of 1. A
Charting Pames small ac voltage is applied to the UNOS capacitor; the capai-

45 tance is measured by a lock-in amplifier circuit and compared
QlW01/tMN to a fixed reference capacitance equal to the flat-band capaci-

eunv a Ht bin
40 tance. The differenc between the measured MNOS capaci.

14- tance and the reference capacitance generates a dc bias voltage
m~ iafeedback circuit which returns the device to flat band.

12 -30 after each voltage pulse. The time interval tps for restoration
10- V.-2 of flat band (feedback period) includes the acquisition timel

9 -t for capacitance sensing by the lock-in amplifier, and sevral
~'-~ ~ I cycles of bias voltage readjustment until the measured capaci.9' '5 J tance equals the flat-band capacitance. The feedback period

-10 must be long compared to the pulse duration r. to prevnt'
COW"automatic bias voltage adjustment during the pulse by the.

2' -1004r 5 feedback circuit. On the other band, if the feedback period
10, o d is too long, charg retention loss between pulses increases.I I _~~' and the charge measured by the current integrator differ&

increasingly from the nitride charge, due to device leakageFWg 2. A typical Voltag ad charge protile for the staircas chairgin crrents of presenl unknown orgnshunting h NNfmethod obtained by positive voltage pulees plied to the gete tyogith
electrode. n-type silcon substrat of 1.4.01 -c resistivity; tox*22 dielectric. For the same reasons the -rest period" rRt between
A; t a2S A; Va 10V;rp a 1ms; ti aO.5s. pulses should not be much longer than rpB. A typical set of

time constants as used in our experiments is given in Table 1.
equal to that of the charge-freet state, generating this flat-band The measured voltage Vm, equals the flat-band voltage Vpa
voltage by reverse polarity pulsing does not guarantee achieve- during the time interval tR -tFs.
ment of the chage-free state. Consider a nitride charge-free sample at flat-band voltage

We describe in this paper a technique by which a sequence V91 at time ti. The sample then acquires a negative nitride
of small identical voltage pulses is applied to the device to in- charge -Q by application of a positive voltage pulse(s) and is
creas the nitride memory charge in a staircase pattern (Fig. at the flat-band voltage V4 at time t2. Since the charge in
l(b)J . Flat-band condition is restored between these pulses the silicon has not changed, the entire charge
by a feedback circuit, as in the Yun method, but unlike the
Yun method, the initial charge-free state is not re-established.f d
The staircase patterns shown in Fig. 2 are recordings of the " j Ir(
charge Q. which has passed through the external circuit to
the gate, and of the flat-band voltage V,, across the sample. flowing through the external circuit to the gate during the
These recordings were obtained in less than a minute and intermediate period t, < r < t2 has crossed the silicon-silicon
contain all the information required for a complete charge oxide interface. Thus Q,, equals the absolute value Q of the
versus centroid determination. We provide the derivation of nitride charge provided that: I) no injected charge has left tht
ther charge versus centroid relation from the staircase patterns, sample at the gate; 2) no positive ;harge injection from the
and we show that the data acquired by the staircase charging late has taken place; and 3) the charges in surface states and i
method yield information about other important MNOS device the oxide have not changed. If the sample is charge free at t'
properties, such as memory retention loss and charging current and has acquired the negative charge -Q at 2, the centroi
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STABLE I charge levels, the change in the flat-band voltage, and the
TY_ __AL Tim_ CosT _ P T _ __.G TO_ TH CicIT or FIG. 3 C-V relation. Thus measurement of Qr is superfluous for in.
AiC. Signat (10 kill) /f a 0. 1 me et1 th nitrd chp and its d .tion

The charge registered by the current integrator may duease
Lock-in acquisition. m me during the early part of the feedback period, u shown in the
road back circuit ime constant SO m - o00 ma inset of Fig. 2. This is attributed to memory charge lose by

back-tununing [31, 161. The charge indicated by the currentPulse duration S mic oscosd- tome- integrator after flat band has been achieved is the injected

charge less the back-tunneled charge, ie.. the remaining charge
's t%4 [1 - CN (VPI- VYJ )/Q] (2) in the nitride, and its centrold is given by (2).

with VJ and Vy the flat-band voltages at t2 md ti, tN the The charge and voltage stairse paterns recorded in Flg. 2
nitride thickness, and CN the nitride capacitance. Thus the exhibit the following interesting features:
staircase charging technique can be used to derie the charge I) COwge Starase Pattern: The charge step per pus first

versus centroid relation provided that we include in (1) and decreases slightly, then remains stationary for a number of

(2) the total charge injected by all previous pulses, and that pulses, and then increases to a steady-state value. The portion
we use the total flat-band voltage change from the initial of charge added during the feedback period after each pulse

charge-free state. Charge corrections required to account decreases with the number of pules and almost vanishes when

for parasitic charge added by a shunt leakage path to, or in, the steady state is reached.

the MNOS dielectric are discussed in Appendix 1. 2) Voltae Staftese Pattern: The flat-band voltage change

Replacing the total nitride charge Q - 0 (1)  +6 on the per pulse decreases with the number of pubes until a steady-

right-hand side of (2) by the charne SQ a QMl) - Q(i) added to sa average level is reached. The voltage increase during tpa

the nitride by the voltage pulse, we obtain is then compensated by a flat-band voltage decrease during
t~ -tFa. The decay of flat-band voltage during the rest period

x (6Qxs + Q')x1)/6Q atN [I- CN ( Vpj- VPQ)l]. is noticeable only after several pulses have ban applied, be-
(3) coing most pronounced when the steady-state level has been

reached.
The length x* represents the centroid of the difforence between These observations have the following explanations. The
the nitride charge distributions pertaining to Q(1) and Q) 0 charge injected per pulse into the nitride decreases initially
Q(1) + 6Q. We are not aware of any method which might dis- because receptor states located either in the oxide or at the
tinguish between the contribution to x* from the centroid xa oxide-nitride interface become saturated. The excess charge
of the charge -6Q added to the nitride and that of the shift of the fist charge step amounts to 7.5 X 10*11 cm 2 states
Sx of the centroid xi of the charge _Q(') present in the for the sample of Fig. 2. The several subsequent charge steps
nitride prior to application of the pulse. However, measured are very nearly equal. This behavior Is expected because
data of x* could be compared with theoretical values derived chae tunneling through the oxide is controlled by the oxide
from models for the nitride charge distribution band on field which is the same at the beginning of each pulse since
"negligible detrapping" [21, "strong detrapping" (41, [5). each pulse is applied at flat-band bias. The decrease in the
and "nitride charge loss by back-tunneling" [6) during the corresponding flat-band voltage change per pulse with the
feedback period. number of pubes indicates that the centroid of charge moves

more deeply into the nitride with each successiv pulse. This
MI1. INTERPRETATION OF STAIRCASE CHARGING PATTERNS shift of the centroid arises from detrapping and deeper pene.

The staircase charging method provides capability for inves- tration of charge injected by previous pulsing (41, [71. Newly
J tipting charge buildup, or removal, by positive or negative injected charge may also penetrate further because some of the

gate pubes. Negative gate voltage pulses initially cause deep traps may have been filled by previously injected charge [21.
depletion of the silicon surface which may reduce the oxide Subsequent to this "stationary cha injection-incresing
and nitride fields significantly until an inversion charge has flat-band voltage regime" (Fig. 1), the charge per pulse in-
built up. This buildup can be accelerated by illumination with creases until it reaches a steady.state value. This has the fol-
light of suitable wavelength. Nevertheless, we shall present lowing explanation: Fig. 4 Illustrates the time dependence of
here only the results of investigations related to positive gate charge injected through the oxide into the nitride during aSspues applied to n-silicon devices in order to avoid complica- sequence of pulses. Each pulse is imposed on flat-band voltage,
•ions of interpretation associated with deep depletion by nega- so that the initial oxide field, and thus the initial injection cur.
tire voltage pulses. The positive pulse voltage causes accumula. rent, remains constant for all pules. The injected charge
tion of the silicon surface and thus extends across the oxide reduces the oxide field, and thus the injection current decreases

. and nitride layers, during each pulse. The added space charge during each pubs
The inset in Fig. 2 shows that the charge change caused by a diminishes a charge injection through the oxide is partially

voltage pulse is composed of a first step to an intermediate compensated by charge exit from the nitride into the gate
charge level Q1, followed by a second step to the final charge electrode. The steady state reached after many pulses indicates
level O). It is shown in Appendix II that the intermediate that most of the charge now pasnes through the entire nitride,
charge level can be expressed in terms of the initial and final ie., as much charge leaves through the gate as is added through

A,
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blas4tkd.. cuwhm for a voltae pube ado with flat band na-

006111" betsa petal; test period t, hetwe the pub"a not
sonTh o" d dsu tpthC Mrin d wig Weth n u b wdj 'f

dagnfm i pa" L hi laction aoas soupe.W
and by chargeaxit ham dma nitride into te gate.

V' 0@9o~ 0gdg A*dI' o~0. . .

rawsoe O'FJ& 6. Oarerasus catrod curves for abeatrm sbscdoa fom the

6- t 10-Ss. and t, a0.5 s; and by the siWPNjsSpdamatod 121 safg

2~~ - ei nitnuishable from the nirde chapg injected
during th ueperiod. I bec falaa hre h

0 0 SL d5sope of X line =cnecn the origin to a point pertaining to
flat band is I - xlt,, according to (2).

Pig S. Recormgft of device voltag erasus accumulated 0.1suag usn IV. ExPERIMENTAL CHARGE VnLSu CENTRow AND I
V a 15V. t a10a^ and tS 05 L Tha deviationof dh slpes
of the straight dotted Van from the nfag --- line VFS a QmICN of INJ3ECTION CURRENT POLARIZATION DATA
dlo"e 1 prOw lduXtyv in t abam of hacag chaW acuuain Fig. 6 compares a charge versus centrold curve obtained by

the Yuri method with that derived by the staircas chagin
the oxide (or vice versa for positive charges injected from the method. The first pulse is the same in both methods, and the
gate). Only a small nitride charge is added by each pulbe to data point pertaining to the extrapolated intercept T(Q -~ 0)
compensate for the retention charga low durin the preceding which gives the range of the electrons Injecte into the charge-
feedback and rest periods. This added nitride charge, and the free nitride is about the sam for both methods.
retention charg loss by back-tunneling to the silicon [3), [61, The differee between the charge m"su entrold relations
account for the voltage pattern during the feedback and rest obtained by the Yun method and by the staircase method at

perodsinthestedystae. hefac tht he la-band voltage higher charge levels depends on puls voltage and duration,
does not visibly decay after the early pulses, but does decay and on the rest period between pulses. We attribute this dif-
after many.- pulses, Is attributed to increased back-tunneling ference to different charge distributions arisin mainly from
which results from charge buildup in the nitride at the oxide different injection current versus time relatdonships for the
interface[(41,([7]. two methods. The dotted line in Fig. 4 shows that the injec-

Fig. S isan X-Y recording ofte device billsvoltagma tdon current during a single pulse of duration 3rp changes
function of the accumulated charge in the current integrator. more than the injection current during three succesied identical
The maxima in the quasi-steady-state rmew occur at the voltage pulses of the staircase method each of duration t..
end of the feedback periods. During the subsequent rest Thus the staircase charging technique approaches constant
periods, the flat-band voltage decays due to back-tunneling. current pulse conditions more closely thani does the Yun tech.
However, the chag Increases because leakage current exceeds nique, which uses constant voltage pulses of increasing dura.
the back-tunnel current. The abrupt transition from a decline tion. Charge versus centrold curves for constant voltage pube
to a horizontal indicates that a voltage pulse has been applied, are expected to differ from those for constant current pulses
The horizontal region results from charge flow during the [5). Moreover, the theoretical analysis of charge versus cen-
pulse. The subsequent maximum arises from the charge and troid data obtained by constant current pulses is simpler than
voltage increases during the feedback period. Maxima asso- that obtained by constant voltage pulses [51
dated with early pulses are not discernible because the nitride Sack-tunneling of nitride charge to the silicon during the
charge has not yet accumulated to the extent required for rest period between pulses of the staircase chargin method
pronounced back-tunneling. Hence, the leakage charge accu- temporarily reduces the nitride chag near the oxide boundary.
mulated during the rest period prior to the start of an early This charge is replenished immediately by the pulse following
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ther;at period. The chrg Integrator rWgsmthe net chrge I I II

which croems the oxide-nitride interfea. Thus the coetribu-
Ucas from the back-bimaI charges and their replen~ismentet01"100
amCel. Ndeverthelesns, at sew"ra pulse applicationu, the t I

chargp centrold, differs acemswket from that wbhi would have 1 a
been obtained with a sin&gl loM pulse, during which back-
tinil and back-tunnelling tepleniehansnt do not occur. 0

Chagestp Pr pulse in t~treiu mm noed

state oxide currnt at a gate voltage equal to the suin Of Bat.
bend bias voltage ad pule voltage. In the cane of FIg. 2, this
voltage sm is 223 V. Holes Injected from the gate, PrIeSi
the entire nitride, and entering the silicon through the oxide, C 2 - 5 - 'a P. S * 1 5 d
would contribute to this current. On the other had, holes 4#9W "C
Injected from the gate and recombining with oetrons before * - rnuvns mpaEdsidfrmtesimy
entering the silicon through the oxide, do not contribute to cho bjcw . voltage tsr" (fig.2) feea at
this current, sinm the chirp Qn. registered by the current at sahease-caegi expemes ma niIdeaded plm heosh ofs Iv
integrator is the charge passing through the oxide. A hale in- sad pule dersdam n* gm 5ar s to I EmL The ladox n Ami-
Jected from the gats partway into the nitride contributes to VA ~ puln ude ofWatpan *m=

the charge registered by the charge Integrator during the sneitdeca corbustot flat-bad voltage in
voltage pus. However, this contribution is compensted sicntrdchgeotibesote
exactly when flat-band voltage is subsequently re-etabbbe proportion to its distance from the gats. Absence of a signifi.
during the feedback period. Holes injeted frm the gate cant hole injection from the gate has been demonstrated alio
canWt reach the oxide tuterfac durin th fis seea puse by [9J. However, our more recent experiments have shown a
of combined duration less than the transit time of th holes finite hole injction from the aluminum gete which depends
through the nitride. Thus the intial oxide current during e55r1ly0thpusvlagtanheecroIjeio
these early pulses arises only by electron injection ftrm th from the silicon. Thus doe fraction of the steady-state current
silicon. The excess of the oxide current in the quasi-steady. crned by holes increases as the gete voltage decreases.
state regime over the initial pukse currint in the stainay V. SUMMARY AND CoNcLUSIOts
charge ineto~nralgflat-band regime," marked in Fig.
2, provides, therefore, the current of holes Injectd from the The memory charge versus centroid relationship has been
gate and penetrating through the entire nitride Mm determined by a new, nondestructive technique in which a

T'he initial pulse current during the -stationary, charg sequence of identical pulses is applied to the device, and the
injection-incresing flat-band voltage regime" has been, deter. chiW through the external circuit, and voltag across the

* mined from a series of staircase patterns pertaining to different device, are recorded a functions of time. The device Is re-
Pulse durations rP) by the procedure indicated in Fig.?7. Th turned to flat band between pulses by mea of a bias voltage
theoretically expected time constant for the injection current applied to it from a feedback circuit. Each successive pulke is
deayis superimposed on the flat-band voltage corresponding to the

- - 2 2~Taccumulated memory charge distribution resulting from pre.
a ceding pulses. Effects arising from back-tunneling and leakage

85 an I0 3E03  a 11 currents during rest periods between pulses have been Idea-
a dtiled in representative charge and voltage T"stircse" patterns

2A %/ (4) obtained with this technique. Many data have been acquired
Th fctrala! by varying puue height, rest period, and puse duration. These

Th atrav. a In I calculated for oxide tunneling by data will be reported and analyzed in a subsequent paper.
electrons is 130 cm'/s' v-'A for a Oxide thickness of about The "staircase charging" metod provides, in addition to the
20 A and an oxide field of about 10'V/cm accoring to is, charg versus centroid relationship, the steady-state current
fig. 11. The decay of the injection current is not exponea, for the fully charged memory device, the leakage current at
since the time constant depends on the current. Using th various memory charge and flat-band voltage levels, and mem-
*1"ft value of the initial current density of Fig.?7 we obtain ory charge retention loss data. Stair caseP charging can be inter-
by (4) a time constant of about 101 s, in good agreement rupted at any desired charge or flat-band voltage level, and the
with the observed current decay. decay of flat-band voltage and chag changes can be registered

The pulse current of Fig. 7 extrapolated to very short pulse as functions of time to indicate the back-tunneling of memory
duration is found to equal within t 20 percent the steady. charpe. A discharge staircase pattern can be used to study the

' state nitride current. We conclude that in the sample of Fig. emptying of memory charge by reverse polarity pulsing.
1'7 at the applied voltage injected holes, if any, recombine with The principal advantage of our technique is the rapidity with

electrons before reaching the oxide 181 .,provided that the hole which the raw data are obtained. When this method is applied
transit time is longer than about S gs. Hole injection from the to leaky devices, a correction for the leakage charge is required.

gate would have little effect on the flat-band voltage initially, Although we hae provided a procedure for making this cot-

tA
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+ dungcho occurring after fis bad has been achieved. The feed-
back period tv 0 n, after whi" fla band is astablldied,

Q0-Is not diecmnable on the time scale shown. The 0ubsquent-IM of Be-at~ud voltage with time dtufn the rest period
is sufficiently slow that figt-bad voltag is maintained by the
feedback circuit.

0Severa MUCoretMn to the charge have to be made before
evaluat charge versus mtod from then data by (1) ad

I I (2). These corrections are based on the ainauptios thet:
.101) the slo"e of charg versus time during the rest period

ta ~results, at leas In part, from a leakage curaet whic dhata
the dielectric, ad 2) the change in flat-band voltage during

4 1 the ret Period results from back-tunneling of -egatv charge
LVt11 0, 97-CNA VP. to the sieco. The nitrdes charge conttent Q

is decreased by the back-tumie charge Or. ad the observed
P AQ 1 , is thus the 'leakage chrge- uinus the back-tume

charge The 'leakagle cie 3 AQ.-OrslarerthanAQ1 ..
W 0In Table I1 we lit values of charg Q ad ceatroid 7, ob-

a 4 a Woond by (2). aing Vy~tj).with Q~j) relatedtoth msa.t onc mired Q. (t) a follows:
Li. Who Vale md hu sinimm -proM dhwle effets of Wa~e
111111 C~UI.Ud#AftUnotPUIa ad .1 s. snanim I=m 1) OQa)a QOw OR)

ebb-eaddap m tin na ed* Vpa 16 Y; t, a 10 Ms.

11) Q~to a.,.Q - Ad
TABLE 111.

- arai Cu T AD C3Ano 1asIll) QQ)_QM.QR)- EAQRW)+ CM ~AVJW.

- -- -Similarly, we use Vy(tpfl) ad the following values for
t .1)9 13.3 ASS IL 39p)

a3 .139 13.3 .148 $1.3

$I.) 1.) .139 $110QII)a .QJ

t .203 368.3 .849 1e6.9 1I) Q(rP8)0QM,,Q 5 )- AQ~p
M8 .1*31 91.1 . M 97.1

AU .19 96.9 .353 91.5 iII) QQtFA)-Qm(rFM) AQM+C) v N AlV1

a.) a .196 341.4 Sa 1____. _ for charge versus centrold determination at p.
I3 7m__ 14. 9 148.? Table 1U shows that the correction for the back-tunnel charge

-~ aace aa (lii versus il) is not significant. However, elimination of the
11) Caseclmd for Ieakap curar is not-be voitep decay. leakage charg (ii versus i) is an important correction in cas

U) Comenad or baaeiguenan d fltbead vohap dmy. of Fig. S.

rection, we ar now developing a circuit modification which APPENDIX 11
will, suppress the leakage charge accumulation by reducing the INTEGRATOR CHARGE VERSUS TIME DURING THE
rest period between pulses to the 10-m rang. This w9il be VOLTAGE PULSE AND THE FEEDBACK PERIOD
acompihdb elcn h edakcrutwt D~ Application of the voltage pus causes an immediate chargin

D;s Acquisition System proprammed in machine language. current spike. Its Charge
The ultimat time limitation will then be governed by aculsi-
tion of the capacitance data In the lock-in amplifier circuit. P

QCCO (Al)
CoRR~n~r~s APPENDIX IvA

CORECTONSFOR CHARGE VERSUS CENTROID
DETEMINTIONIN ASE F CARGELEAAGE equals the are under the &L V curve shown in Fig. 9. During
Dz~~mtATIN I CAE O CHRGELEAAGE the voltage pulse, the chag -6Q is injected from the silicon

and the Charge -Q(1) already present in the nitride before the
Fig. 8 shows a caw for which flat-band voltage decreases and pulse shifts toward the pte. The resulting current flow adds

charge increases during the period tRt-tfl. The ret period be. the charge Q2 to the current integrator output (Fig. 10).
tween pubses was Chowen unusually long to accentuate the The discharge current spike at the termination of the voltage
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exept in ms of smull gae width and , xisam of a banl
sour for holes. The device is not at the iat.band volsaop
of Cs) at Use tesmuntian of the dlschagp cum spib, but

,a: the bs o s usig depleti n. Th, chigs In the

',r gl s and diwagi spikes do not cal sine the cuped._ tmce is la gwhen chargd than when discharged. The drp
regsterd by the curnt integstor after the discb g

ar, -.. 00 " C-a * (A3)
The charge

Vj

V If cis)
i added when the feedback circuit restores flat band, iaium-

nlug again that tpa is short vemus the time mqured for inmvelim

Fii. 9. Capamalu venu voiueu be4u me (C(I) and dot (C(2)) a charge buildup. Figl. 9 shows that
-mn. Arms uadw diro cui tpman I e chtd ms flov 8t doh
thi emd As-',i eu th. hai (QC) ad dchafft (On) C__.

ia (m . 10), MWd duN the zanaam of nat band (QP). Qc - QD + QFB C (i - VM). (AS)
Eqnatio (A5)fdlokfrm the slanAl +,3 6A2 +A$ for heg Co +CN
m sown in dte ehld mudom. The xpressions for Q* and Q, listed in Fig. 10 follow from

~ (MS) and (AS), considering that

D(2) - 0(') ac -gO + * + QF. (A)
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L Phs. : Se lotrus., ol.IL I. P inGratBriain has been replaced by digital circuits. The small capacitor Cc in
3. Pys.E: ri.Imeum. Vo. 1. 199. rined n GeatDriain eries with the lock-in impedance of 30 pp shuted by 100 Mir

actsese a high-peas filter which blocks mnst of the stair-cs
pattoe signal. dn eliminating overloading of the lock-in

& amplfer. The digital circuits consist of a POP I11110 centralComputer-controlled MNOS Pro--grunirtu ).16kbyteaofcore memory and alehoa-
testing circuit M~~M to a 12-bit a ONalogue-ro0dpta con-VeN (AOC

Aahe Fedetewaky (±(t3 V), two 12-bit digra-r"aalgu c nvetr (oAC)
Department of Electrical Engineering, University of(±SV.aporm blqatzietwScit rm.
Southern California. Los Angeles, California 90007, USA two rob and a 6-digit uLso display. soamt anl of tder control

registers for theee devices act as pert of the computer memcovy
bried 24 Octobier 1978 the devices are under computer control.

Two aeou-odgalchannels an used to measure
Afta A computer-controlled testing circuit for siNoe voltages Vc and V9 with a resolution of one voltage, bit

devce adesrie&Th pricia type of st fr whc th (2-44 mV). Ve and Vo are proportional to the atrec capeci-
circuit is designed is the stair-case charings method which tance &Wd charge flowing through the external circuit. On of
charges an wc-oo device under constant oxide flud. Other the dilptal-oaalogue channels a used to adjust the gaow

tetsscha mmryreetinanlenurne__ as voltage to reach flat-banid condition and to provide the
tetb uhasmmr charging pulses. The gat voltage befor each pulse is equal to

descrbedthe flat-bend voltage and is taken to be the product of the

h Jeb'doetle DAc output and the gain of port 3 of the sunmmhng ampliie.
Recently Lehove et al1(1978) have described a stair-case The duration of the pulbes is determined with the help of the
charging method for msc- memory devices which uses a programmable clock which can be set to run at frequencies,
sequenc Of constant-voilag pulses superimposed on the ranging in decades from 1 MHz to 100 Hl. Including the time
flat-bendt voltage pertaining to the previous pleThs neede for machine language instruction execution, puls

tcnqehas been used by Thoruber and Kahag (1978, widths of 20 gss and more can be produced with a resolution
Tlserber et at 1978) to study tiuagtei-doped dobl-oilri of I las. The clock is also used to mneasure the time intervals

strctues.between successive capaicitance nuuarmenm This interval
In this note a cope-cotoled circuit for stair-case is set a four times the lock-in rimes constant The relay which

charging is described. Use of digital circuits andi computer is in series with the discharging resistor Ruv is opened under
control provides many advantages. Input parameters such as computer control before each experime1ntal run. The Schmitt
pulse height and duration which are normally mnualy trmer can be fired when a signal reaches, a predetermined
adjusted with the help of an oscilloscope are now precisely and level. Uponi firing either the computer is interrpted in order
reproucbly controlled. Measured data such as NAt-bend to execute some subroutine or a flag is set. The trigger can be
voltage and injected charge are digitally stored and can be used to synchronise the charging experiment with thec trigge-
immediately analysed to produce other information such as ing of an oscilloscope in order to dsly Va. Vc or Ve as a

chare corrod ad ~etedcurrnt.Whil th ciruit--- function of time. It can also be used to sense an overload of
initially developed for rte specific purpose of measuring th the lock-in amplifier. A pulse slightly wider thant the charging
Nlat-band voltage and injected charge under constant oxide pulse is provided by the second Amc to the acousto-optical
field conditions the versatility of the system enables one to modulator to illuminate the mmmso device during the charging
perform other testing procedures such s memory retention pulse. Illumnination reduces the recovery time of the silicon

I under various initial conitrions andi endiurance rtm Safe- space charge capacitance from deep depletion.
guards preventing runaway feedback which can burn out
devices have been incorporated into the feedback p tsarne

The Amrs step in testing a sample is to determnine its capacitance-
4.2 Tat circui voltage characteristic. This is accomplished by incrementing

The circuit iflgure 1) is similar to those described previously V3 between two given values and storing the resulting values
I~ehvec~', l 178) xcet tht te anloge fedbak ~ of Vc. The values of the accumulation and depletion capeci-

tances. Coce and Ca.,. determine the flat-bend, capacitance.
When a charging or discharging pulse is applied. the C-V

I ~ curve Is shifted horizontally. Flat-band conditions are restored
0&_d~tC by measuring the change in Ve and adding a voltage .1 Vs

~I@C s or L" Ve to the third input port of the summing amplifier.
The derivativesiL - 0 vNOVe'Vfft is computed when the C- V
curve is taken: V,.,, is the reference voltage which corresponds

I i i to the flat-band capacitance. If Vc were a linear function of
LWVs, this proedr would restore flat-band conditions in one

step. Figure 24a) shows a flow chart for the subroutine which
q q t Mrestores flat-band conditions. This subroutine could be

wrte nahge-leel language but typical execution times
~ -~ ~would be about SO- 100 ins. Being written in machine language.

-.. ~?~s.~V its speed is limited only by the response time (2 mus of the
V's lock-in amplifier. The variable rime interval TL in step I is this

response time which is set at four times the chosen lock-in
Figure I Ctomputer-controlled testing ,4ircuit. time constant. In step 4 the absolute value of the differe*~

4' ' V. between the measured and the reference voltage Vw~ is

OOL%3735 -9 090ftV-02 101.00 19'9 The Institute ofP% iK
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Floe 2 (a) Flow chart for flat-band restration
subroutine Mh Flaw chart for puls subroutine.

compete to the variable preciion PR. N A Va is smaller than
Pa than fla-bend coditione are Considered to be reache
within the prescribed preieon There ane two criteria for
dhoos Pa. Firt it should be larger than the nows level at
thIlloutput of she lock-in. Secondly it should be larger than the
capacitance chengp produced by an increment of Vs of one
voltage bit (244 mV), i.e. nms' 2-44 mV/sL. The last require-

mea is usually the limiting one. A typical value of te. is
0025. This translateas into a value of 100 mV for pa and a
precision of 2 pF for the capaitnce. In step 6 the new
computed vahue of V3 is compared with an upper A & lower
limit (uL and LL). This is to prevent a runeway condition
applying too high a vol tage to the devica.

4 Pua iNMps
The pulsing programt (Rpgm 2(b)) is written in machine
language and can be acceused vie a nine-argument function
in a higher-level languae.L The analysis of the data and
setting of the Parameters is programmed in dhe higher-level
lanuage which uses an interpreter. The nine arguments are:
10, number of pulses; re. pulse duration in number of clock
cycles: vp, pulse height; M, a pulse number;, a, and as.
cdock rates to measure the pulse length and the time interval

0, TL. between successive reedings of Vc. M precision to which
the &Ma-bend voltage is retore; and in.. the prvously

,.~ ~,defined slope. Each time a pulse is sent we is decremented.
When TR - ro a trigger subroutine is siecused. This subroutine
can be used to send a triggering pulse to an oecilloscope so that
the response of ye or Ve to a Particular Pulse can be viewed.
This subroutine can be changed to achieve difeet results
such a changing the polarity of she pulses after a certain
number of them have been set. While the subroutine was
written to perform a stair-case charging exaeiment, certain
settings of the input parameters will achieve difteet ends.
Setting NF- I and vwaG results in no pulse being sent and
flat-band conditions restored. This is used for the initial gate
voltage setting of a device before pulsing and ror measuring
long-term decay or stored memory charge. Setting Pa to a
very large value results in no flat-bend restoration between
Pulses. This is used in endurance testing when a larg numberN., of pulses or alternating polarity are applied to the device. after
which its memory retention anti other characteroistics are
measured. The alternation of polarity is handled by changing
the trigger subroutine. ____________________
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